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Abstract

in this paper, we show that force-based rcasoning, for
identifying a cluster of parts that can be decomposed
naturally by the applied force, plays animportantrole in
selecting feasible subassemblies and analyzing subas-
sembly stability in asscmbly planning. This is because
force.-b:iscd reasoning provides anew set of constraints
which are distinctive from those fiom gecometric reason-
ing. Such constraints not only enhance the planning,
cfficicney but also allows stability analysisin terms of
subassembly deformation due to the mating forces. Spe-
cifically, force-based reasoning can be applied during
the subassembly identification to reduce the gencration
of alarge number of candidate subassemblics, and
applied after the subassembly identification to climinate
unstable subassemblies deformable during mating oper-
ation.

1 Introdyction

Most of the current research in assembl y planning focus
on the pure geometric reasoning of pail mating
interferences using  cither forward or backward
approaches [ 1-5). However, the rcal assembly task
depends also on some other practical factors such as
interconnection forces and assembly line installation
(c.g. assembly 1ools, fixtures). In ord cr to bring
assembly planning closer 10 thercalwoild environment,
these factors that affect the assembly planning in
addition to the geometric constraints should also be
taken into account. The force analysis of subassembly
stabilit y under the existence of gravit y or extemal forces
was addressed in[6], but the encapsulation of the force
anaysis intoassembly planning scemed still missing.
Moreover, when a candidate subassembly is
generated, it has to be tested for the stability
conditions[7]. Several asscmbly planning systems have
incorporated the stability check, but they have cither
very limited check such as a connection stability
analysis[8), which tests if all patts inthe subasseinbly
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are related to each other, and local freedom of motion
analysis[9], which testsif a partisfice to dide; or have
aoverly complex stability check to be practical{6).

The necessary stability conditions for subassem-
blies are that each subassembly iscither self-stable or
stable, with a holding devices, two mating subassem-
blies have acommon stable assembly pose, and each of
the mating subassemblics must maintain the geometric
relationships Of  parts during the mating operations,
Thus, the stability check needs both geometric and
physical reasoning on subassemblies.

This paper presents a way to consider the
interconnection force factors when generating  an
assembly plan. Such analysis not only affects the
generation Of assembly sequences but also provides a
mncthod for the stability analysis which consequently
affects the assemnbly COStS. A methiod iSdeveloped using
the algorithm for solving maxima! flow problem for
such force anal ySiS. T'his particular metliod iS S0 used
for morc completed stability analysis of subassemblics.

2 Subassembly ldentification with Forge-Based
Reasoning

‘The core of backward assembly planning isto find the
valid feasible subassemblies which satisfy some
neeessary and sufficient constraint condi tions such as
accessibility, commonlocal ficedom of motion, free
mating paths and so cm. As date.d previously, another
important constraint is the interconnection force for
asscmbly  task.  Without  considering  the  real
intcrconnection forces, an assembly planning system
with only pure geometric reasoning may generate some
infcasible  assetnbly  sequences.  Usually,  the.
interconnection force information is provided from the
design specifications by the assembly designers.
Rasically, the interconnection forces are determined by
many factors sUch as interconnection types, clearances,
malerials etc., which can be obtained from the design
handbooks. 1n this paper, we assume that the. force
information is availablc from the design specifications.
The detail of how to calculate the force iSanother issue



" which will not be addressed here.

in the previous work [10], the interconnection
feasibility of each liaison is tested by identifying the
existence of paths that can propagate forces through
them to the place. where the connection or disconnection
to be considered. The parts associated with a liaisons
that violate.s the interconnection feasibility arc then
merged togcther. Because of considering individual
liaison locally, this approach can only find the sufficient
condition for the interconnection feasibility test. A new
approach based on maximal flow and minimal cu[-set
method for such force analysis in asscinbly planning is
developed. This approach IS base.d on the analog
between the liaison graph of assembly and transport
nctwork. The detail is discussed in the following
subsections.

2. 1 Yorce Based Analysis Using Maximal flow.
Algorithm

In the real assembly environment, the assembly task is
usualy constrainedto operate in SOMe certain directions
due to the installation of assembly tools (such as
robots), the fixtures and the design of the assembly as
well. With such observation, instead of scarching the
whole cut-set space, possible subasscimblics can be
identificd by considering only in those constrained
directions with the assembly fixed in certain positions
and orientations.  Combining these  cnvironment
constraints with the geometric and physical constraints,
many undesired assembly scquences can be pruned out
to increase the efficiency of assembly planning,.

The maximal flow problem{12] is to find the
maximal flow through a flow network with a source,
sink and specified flow capacity of each link. The
algorithm[ 13} used to solve this t ypc of problem is
adopted for the force analysis in assembly planning
because the flow network model iSsimihar to the liaison
graphmodel used inasscinbly planning with the flow
capacity of each link coresponding to the
interconnection force of each liaison in liaison graph.
The maximal flow that the netwoik can carry 1S
analogous to the minimal force that the tools can apply
to decompose the assembly and the two subgraphs
generated by the minimal cut-set found in the atgorithm
isanalogous to the possible subassemblies generated
under the force. The analogy between the flow network
and liaison graph with force analysis is summarized as
follows:

Fow Network 1 jaison Graph

Capacity of link Requir cd Interconnection

force of liaison

Flow Force propagated through
the liaisons

Maximal Flow Minimal force to decompose
the assembly

Minimal Cl)t-Sets Yossible direct subassemblics
generated under the minimal
force (maximal flow).

(b) Simplified 1.iaison Graph

Figure 1. A hypothetical asseinbly and its simplificd
liaison graph.
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Figure 2. Flow network model of the assembly



The algorithms for solving the maximal flow
problem had been proposed in many literatures [ 1 2.-14]
One of the algorithms which can find the maximal flow
and identify one minimal cut set that isncar the source
isillustrated in Appendix A [13]. This algorithm is
base.d on the algorithm developed by Yord and
Fulkerson [14]. The time complexity of this algorithm is
O(V?L:) where V is the number of vertices and X is the
number of edges in the network. ‘1" he concept of how the
maximal flow problem model is used for force. analysis
of subassembly identification in backward assembly
planning isillustrated in the following example.

Example: Maximal _flow__mgthod for subassembly
identification

A hypothetical assembly with P5 fixed in the assembly
line, P1as accessible part for the assembly tooland a
paiticular assembly direction is shown intigure. 1.(a).
The simplified liaison graph of this assembly is shown
in¥igure, 1.(b). The number associated with each edge
represents the interconnection force that is required to
establish or break that liaison. The liaison graph of the
assembly  with the environment constraints IS
transformedinto a flow network model as shown in
Figure.2.(a). By using the algorithm listed in Appendix
A, when the algorithm terminates, the maximal flow is
found to be 15 and aminimal cut Set ncarcst to the
source iSidentificd as S1=:(P1) and S2== (1'?, '3, 1'4,
1'5).

When the flow network rcaches itSmaximal flow,
those links that reach their full capacities will foim a
minimal cut-sct (minimal cut-sets). The minimal cut-sct
ill low network corresponds to the cut-sct in the Jiaison
graph of assembly which indicates the possible direct
subassemblics under the interconnection force and
environment constraints. In this example., two possible
cut-scets Of direct subassemblies are identified a s
SHIA: {11), A-S4IA:{12,13,1'41S) and
SHIA:(P1,12,14), A-SHIA: {1'3,1'5) as shownin
Figuie.2. (b). By using the algorithm in Appendix A, the
cut-set identified iSthe one that is near to the source. 1f
there isno other disturbance involved, the cut-set that is
ncarest to the sour-cc will be the most likely direct
subassembly that will be separated from the asscinbly
because it is nearest to the assembly tool.

2.2 Complete Merging Progess

The geometric reasoning for path existence checking is
computationally expensive. In our previous work, a
process called merging process was devcloped to
identify those liaisons that should be merged together at

current stage to avoid unnecessary path existence
checking to increase the planning efficiency. However,
in our previous approach, only the sufficient condition
for merging process can be cstablished due. 10 the
locality of individual liaison, With this new method
developed in this paper, the assembly is globally
considered for the effects of interconnection forces.
Therefore the sufficient and necessary conditions arc
established for the merging process. While the flow
network reaches itSmaximal flow, the par 1s associated
with the links whose actual flows arc still less than their
capacities arc merged together to avoid unnecessary
tests. In general, the time complexity for the global path
existence checking is ONY). The worst case time
complexity of the path existence checking for an
assembly of N parts is O@NN). With the. proposed
merging process, the time complexity for path checking
now beecomes ()(k,N‘U V7Ii) -- O(kQN”‘) where ky and
ko arc some constants. Thus the time needed for the path
existence checking can be saved exponentialy by
paying only the polynomial time nceded for the
maximal flow algorithm. Consequently, This new
complete merging process can improve the efficiency of
assembly planning.

2,3 Subassembly Identification

Using the method discussed above, consideration Of the
interconnection force.s can be cncapsulated into the
backward assembly planning for the identification of
feasible subassemblies. The agorithm for identifying
the feasible subassemblics issummarized as follows:

Step 1): Identify the accessible parts for asseinbly
tools. (Accessibility condition).

Step 2): Determine the holding paris and assembly
directions.

Step 3): Transformthe liaison g1 aph into the flow
network.

Step 4): Findthe maximal{low and minimal
Cut-sets.

Step 5): Week the co mmon local frecdom of
motion for the cut-setsin Step 4.

Step 6): Check the path existence for separating the
cut-sets in step 4.

Step 7): Check the stability conditions for the
subasscmblics gencrated in step 6

"T'o identify the true feasible subassemblies, the stability
analysisis required for each subassemblies generated
after step 6. The stability analysisis also needed for the
analysis of assembly cost. Similar force based analysis
discussed here may also be used for the stability



analysis. The stability analysis with gcometric and
physical reasoning arc discussed in following sections.

3 Geometric/forge Reasoning in Stability Analysis.

Any subassembl y formed during the process of decom-
position, SKIA, is subject to a stability condition test,
Some unstable subassemblics arc not desirable because
1) the geometric relationships of parts composing the
subassembly are not achievable (e.g., fig. 4.c), m 2) the
physical force holding the parts relationships together
cannot maintain the parls relationship.s during the mat-
ing operation. SMNC subassemblics may require
assistance of holding devices in order to achieve the Sta-
bility (e.g., fig. 4. b), but thcy may be more costly than
the sc.If-stable, subassemblies which do not require any
extraholding devices (e.g., fig. 4a).

The process of identifying unstable subassemblies,
thus, have two distinctive constraints that require geo-
meltic reasoning of subassembl y parts, and force-based
reasoning of subassembly liaisons,

3.1 Geometric Reasoning in Stability Analysis

The stability of a subassembly can be defined in tering
of aset of directions that a subassembly can separate
frecly. That is, a part or a group of parts together in a
subassembly may be separated out in some dircction
without any resisting force except the gravitational
force (frictional force is not considered). This sct of
dircctions IS called Intemal Yreecdom of Motion (J1M).
This kind of stability may be analyzed strictly using
geomeltric reasoning,

1.ctusdefine the following terms: A floating clus-
ter, ]«‘kl(sfi)/\), isa cluster of parts in SfilA, and 1S
comnected to the rest of Sfi!/\ only by floating liaisons,
liaisons with no physical force holding the paits
together, anda disconnected cluster, DyIS51A), isa
cluster of par ts in STIA that has no liaison connccted to
the rest of SIA. Inanatuibuted liaison graph of SGiA,
GL(SfiV\) where attributes such as mating-parts, mat-
ing-type, interconncction-type, and SO oOn, aec
associated with each liaison, 13.(S%1A) corresponds to a
connected subgraph of Gy (SIA) that can be separated
from Gj ‘(Sfi|A) by acut-set consisting only Of floating,
liaisons, called floating cut-set, and D I(SLIA) corre-
sponds to a disconnected subgraph of GL(SfiIA). The
figure 3illust rate.s disconnected clusters (11,P2,1°3}
and (1'4), of the subassembly, SfilA.

A floating cut-set, ry., decomposes stiA into I"rk'(S-
f1Ay and STIA-EI(SGIA). The cluster SHA-TLIGLIAY,
the complement cluster Of 1id(SHIA) in STIA, must have
an A-node, an accessible and manipulable node, of

SLIA We can define the set of directions that the float-
ing cluster, F,(S5IA), can be separated from SHIA-
1(SEIA) by the local frecdom of motion of }fkf(S’jilA)
against STIA-FISTIAY, 1 1M (STIA), defined as fol-
lows:

1L My (SHAY = A LEMU; FSTIA), STIA-TISTIAY)
fOr all I, I; in ry,, and where LEM(@,), [; = (1,1;9), is the

frecedom of motion of n; against n;y. (Detailed analysis
of frecdom of motion can be found in [15])”

Figure 3: Disconnccted Cluster

a) Sclf-stable b) Require Fixture ¢ Unstable

Figure 4: Subassembly Stability

The internal freedom of motion of SSIA, JEM(SKIA) can
be calculated by the following rules:

1) IEM(SHIAY = @, if - DISTIA)Y and -2 FSHIA).
2) TEM(STIA)Y = U 1 FM(n), V 1y,

if ~31ISKIAY, but S EISTIA).
3 IEMESHA) = (Ix, 1,y 2}, if 3DISKIA).

Example; Intemnal Jeedom of Motion

This cxample shows the process of calculating the inter-
nal fiecedom of 1notion of subassembly, S1, in the figure
4(a). The A-node of the subassembly S1 isthe part PI,
and all the liaisons arc floating liaisons. The liaisons arc



defined’as, Iy = (P2,P1), [ == (°3,P1),and 13 = (P2,P3).
The floating cut-sets am, ry= {11,17] {11,13} and
r={l,3}. The LEM(@), fori=1,2,3 arc, 1.YM() =-
(-t z}, LEM(l) = {42z}, and LYM(/3) == (-i z}. Note that,
1 EM@P2,P1)=-1 EM(P1,] '2.). Thus, -LEM()) = {-2), -
LYM(l)) = {-z},and -1 ¥M(l3) = {-~,). The local frec-
dom of motion of cut-sets are, L¥M(ry) = 1L.FM(@I) n
LEM() = (+2), LEMg(p) = LEM(;)  LYM(l) =
(42}, and LEM(r3) =LIFM(Ip) n - LEM@) ={), The
internal freedom of motion of S1 is, 1IFM(S 1) =
1 EMy (r) W LEM(r) U T EM(r3) = (4 2.},

Note that, the selection of 1.1M(/;) or -1.EM(/;) must
be €0 nsistent with the sclected cut-sets. That is, /; =
(37, I ¢ 1 such that all Pj; must belong to the
same cluster and al P;, must belong to the other cluster
that arc partitioned by the floating cut-sct. Thatis why -
1.1M(l3) was c]ioscit fOr 1L1My.(r3): Pland P2 bclonp to
the same cluster, Based on the definition of 1} M(% A,
we can establish the stability condition for S4I1A, as ‘fol-

lows:

1) sf JA issaid 10 be self-stable, if 11 M(Sfl/\) isnull,or
11 M(%f JIA) has at most a single translational freedom of
motion with a rotational frecedom of motion only about
the axis of trangdlation. Yor example, the subassembly S 1
inthe figure 4(a), with 1FM(S1) = {47}, is a self-stab]c
subassembly.
2)SLIA is said to be stable with the assistance of holding
(ic.vices, if cach DRISH A)or EI(SEIAY, with more than
asinglc translational freedom of motion, contains an A-
Anode of the "mcmbly A. ‘this impliesthat the mating,
operation of ST JA canbe stabilized and Comp]clcd with
the assstance of external (ie.vices holding ])kl(% JA) or
}Ll(% J1A) Of morc than a peg-and-hole type of motion
frecdom against SHIA-YI(STIA). For example, the sub-
assembly S2in thc figure 4(), with IFM(S2) =- {1 X
17}, requires a ho]dnw device.
’%) Otherwise, STIA is said tobe unstable. For example,
the subassembly S3inthe figure 4(c), with 1*M(83) -
{47,-2), isunstable be.cause 1 FM({P9}, {r7,p8})) -
LEMPO,PT7) n LEM®9,P8) == (47, -2}, where PO is not
an A-node,

3. 1,1 Implementation of Internal Freedom of Motion

"The ¢ fficiency of the algorithm for finding the floating
cut-sets of a subassembly can be improved try using the
contiacting inethod. ‘] "hat is, the attributed liaison graph
of subasscibly can bc reduced to a graph with lesser
number of nodes, where cach of new nodes is forned
by collecting the parts connected by non-floating liai-
sons. A liaison is classified cither floating or non-float-
ing. Then, the algorithm for finding cut-scts, similar to

[11], can be applied to this new graph, OQur agorithm
partitions the parts set into a set of all possible two
components, and tests if each subgraph evoked by cach
part component forms a connected graph. A cut-set, a
set of edges not included in either of the subgraphs, isa
valid cut-set only if both subgraphs are connccted
graphs. ¥or example, the flashlight assembly in the fig-
ure S shows the attributed liaison graph, the contracted
graph, and the floating cut-sets. Asit can be seen, the
contracting method reduced the graph of 8 nodes to a
new graph Of 4nodes.

3., L2 Stable Common Assembl y Posc

Even though S IA and A-S! A are stable with one or
more stable assembly poses, they cannol be selected as
feasible subassemblies if "s‘f 1A and A-SF i!A do nothave
a common asscmbly pose. An asscinbly operation Of
Sf 1A and A- %fl/\ IS only possible if they have a comn-
monsmblc assembly pose.

1.ct us assume that the parts (¥5, 1’6, P lO}form a
subassembly (figure 6) of an assembly, where the liai -
son {4 has the mating type of insert and the
interconnection type of attachinent, and the liaison 1,
has the mating type of insert and the interconnection
type of press-fit. One possible cut-set for this subassem-
bly is{/s}. Then, the set of cmblc assembly poses for the
subassembly {P6, 1'10] is{-z}, and for the subassembly
(P5}is{dx,:1.y 1/}(ﬁgurc /) 1'bus, the set of common
stable assembly poses iS{-7.],
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Figure 6. Gear Subassembly
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Figure 7. Assembly Poses of Gear Subassemblies

3.2 Yorce-Based Reasoning in Stability Analysis

Geometric reasoning on a subassembly is not sufficient
to test for the stability condition of feasible subassem-
blics. Some clusters of parts may forn stable
subasscinblics, but thcy may notbestableto perform
mating operations. The feasibility Of applying forcc
required for the interconnection of SHA and A-SEIA,
while maintaining stability in each § ;A and A- Sf 1A,
requires reasoning on the force dellvery to the matl ng
liaisons through the intermediate liaisons.

To test the feasibility of applying force for theinter-
connection of mating liaisons, /;, we may define the
following: Internal Static Force Space of a subassein-
My, ISES(d,SLIA), analyzcs the force deliverability of
an external force applicd to an A-node, through the
intermediate liaisons, to the mating liaisons, J;,in d
direction, d e {4 x,1,y,12}. Thec complex network of
intermediate liaisons must be analyzed such that each

liaison does not receive more force than its form capac-
ity (force required to separate. it in -d dircction), and
each mating liaison receives the amount of force equal
to its mating force. in other words, 1S¥5(d,SHA) is used
to check if the geometric relationships among the parts
can remain unchanged by the mist ing operation. We
assume that parts arc rigid.

The force applied to anode. is equal to force out of a
node, that is, Y 1" == YU, ; (figurc 8) wherei,jz 0, and
™ is the form |nto a node and FP't is the force out of
anode Each liaison has its force capacity 1€ where}m
<]C and]()ulj<}%:

Now, internal static fore.c space problem of SGIA
may be restated in the foll owmg way. ¥ind values of l in,
and ¥ for al liaisonsin STIA such that the followmp
conditions hold: Y1 = ¥, I(’“‘J BN < 1S 1‘“"J < ICJ
and Y1 =3 mating forccc for Y} ot Of mating liai-
sons. The Iast condition tells us wllc. ther the external
forceisdeliverable to mating liaisons.

Figure 8. Yorce into a Node Equals to Yorce Out

ISFS problem can be solved using a maximal-flow
algomhm with some changes to the representation of
G; (Q i1A), theattributed liaison g1 aph. ‘I he maximal -
flow algorlthm is based on flow network model, FNM,
that is defined as: A dirccted graph, with a source. node
and asink node; each edge is associated with nonncga-
tive integer f(u,v) for al nodes other than the source or
sink: 2f(u,v) = X.{(v,u), where f(u,v) quantifies the flow
from some u to some v; each cdge is associated with
c(u,v), called capacity: O <f(u,v) <c(u,v).

The result of applying the maximal-flow algorithm
to FNM(d) is the maximal flow into the sink node from
al mating node.s which is equivalent to maximal force
(up to the force. requii ed for the interconnection) that
can be applied to the mating nodes from the A-node.
Note that wc must assign each mating liaison the force
little larger than the actual force in I'NM(d) because the
external force must be greater than the mating force to
complete the interconnection.

Now, wc will describe the algorithin for 7S#S which
have been implemented.

ISFS(4.STIA) Algorithing



Slcp]) Transform Gy (S iIA) into ¥ NM
- Create an array ¥ of partsin Gy (8%j1A) and add a
special part *sink* to P.
- Yor each liaison, (Pi,Pj), in G; (S§1A) Do
If the mating direction, c1 e LEM(PilPj) then
If FORCE®ilP}) # O then
add the pair (j, FORCE(PiIPj)) to the Pi list
Else
add the pair (Pj, =) to the Pilist,
1f the mating direction, d e LEM(PjiPi) then
If FORCE(PjIPI) # O then
addthe pair (Pi, FORCE(PjIP)) to the Pi list.
add the pair (Pi, e0) to the Pj list,
(Note: FORCE(PilP)) is the disassembly force
of Pi from P2.)
- I’or each mating parts, Pk € Gy (§Tj1A) o
Add the pair (*sink*,Fk) to the Pk list, where Fk
is the mating force of k.
Step 2) Apply the Maximal-Flow-Algorithm
to calculate the Maximal-Ylow[12-14],
Step 3) If Maximal-blow equals to the sumn of mating
forces, thenreturn STABILE,
Otherwisc, retum UNSTABIE.

Ixample; Internal Static orce Space

The figure 9 illustrates 1SFS analysis of two simple mat-
ing subassemblies (figure 9 (a)), with the mating
direction equals to ». Both subassemblies consist of
only three pai (S, and the corresponding attributed liai-
son graphs arc shown (figure 9 (b)). A-nodes of each
subassemblies arc colored dark. The subassemblies arc
transformed into }*NM as follows. FNM(-z) for the sub
assembly consisting of parts {A, B, C}, and ENM(+ z) for
the subassembly consisting of parts {D,E,}}, where the
capacity (force) of cachedge (liaison) is shown on the
right side of the paired value On cach edge (figure 9 ().
One of the possible solution of maximal flow is shown
inthe figui € 9 (C) (some symmetric directed edges are
not di awn to make the figure clear, and they have flows
equal to zero) for each subassemblies, ‘The subassembly
consisting of parts{A,B,C}has the sum of the maximal
flow equal to the sum of the capacities to the sink, which
means that it is stable for the mating opcration, but the
other subassembly has smaller sum of maximal flows
than the sum of capacitics, which means that it is unsta-
ble for the mating operation. Overall, this result
indicates that the.sc subassemblics cannot be chosen as
feasible subassemblies.

We can nOW establish the stability condition of SGIA
and A-S' ;1A in the following way:

1) Both STIA and A-SEIA must be self-stable or stable

with aid of holdlng devices.

2) sLIA and A- st ;!A must have acommon stable assem-
bly posc.

3) Internal static force space of both SHIA and A-SGIA
must have the static force greater than the cxlcmal
force.

"This paper contributes to automatic assembly planning
with a distinctive constraint, say, interconnection
forces, added to the assembly planning, and a ncw and
more c. fficient methodology for decomposing a subas-
sembly during the assembly planning. In addition, with
the developed force-basc(l reasoning method, more
unstable subassemblies may be pruned out during car-
lier stages of subassembly decomposition phase. The
force-based reasoning presented here is thus important
andnecessary to bring the. assembly planner closer to

real world environment.
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Appendix A: Algorithm for finding Maximal flow
and Minimal cut-set [13]

Input: A nctwork with source a, sink z, capacity €, and
verlices a = vy, ..., 2= Vi).
output: A maxima flow ¥ and aminimal cut-set (P, ).
1. [Initialize flow]:
Set 14 0 for cach edge (i)
2.[1 .abel source]:
1.abel vertex a(, o0)
3. [Sink labeled??):
If the sink z is labeled, go to step 6.
4, [Next labeled vertex]:
Choosc the not yet examined, labeled vertex vi
with smallest index i.
1f none, stop (the flow is maximal;
P=-set of labeled vertices, P=A-P);
cisc, SCt v==v;
5. [1.abel adjacent vertices):
| et (o, A) be the label of v. Eixamine each edge
adjacent to v in the form of (v,w), G»,v) [in the
order (v, Vo), (vg,¥), (v,v1), (¥1,¥), - . ...]. where w is
unlabeled.
For ancdge of the form (v,w), if ¥,,,<C,,,,.,
Label vertex Wi (v, min{A, C,,, - F, 1),
if ¥, -C,,,, do notlabelw;
1 ‘or an edge of the form (w,v), if }4,,>0,
1.abel vertex w: (v, min{A, F,,.,}),
if ¥, = 0, donot label w.
Go to Step 3.
6. [Revise the flow]:
hack track from z to find the path p froma to z.
If the edge in p is properly oriented,
increase flow inc by A;
otherwise decrease the flow by A.
Go to step 2.
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